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The increasing demand for space in the crowded frequency spectrum is creating 
new challenges to RF frontend communication systems. High gain tunable antennas, 
tunable filters with high selectivity and isolation, and large signal-to-noise ratio tunable 
low noise amplifiers are in demand. This thesis demonstrates a novel tunable filter 
synthesis that may help in developing solutions for future RF frontend filter applications. 
A new approach uses resonators as couplings instead of conventional single elements. The 
proposed coupling scheme enables the tuning of center frequency, order, response shape, 
bandwidth, and transmission zero spectral location. In addition, this coupling scheme can 










A microwave filter is characterized in terms of insertion loss, return loss, frequency 
selectivity, group delay, etc. With the rapid growth of wireless communication, RF 
frontend systems need to maximize the efficiency of frequency spectrum usage and 
minimize the interference from signals outside the system’s frequency channels. Filters in 
modern wireless communication systems are required to have low insertion loss for low 
noise figure, high return loss for impedance matching, higher frequency selectivity for 
more interference rejection, and short group delay for less signal degradation. Filter design 
is a process that balances trade-offs among those requirements. For example in general, 
increasing a filters order enhances its frequency-selectivity but also increases its insertion 
loss; increasing the filter resonator’s Quality-factors reduces in-band insertion loss but 
enlarges the resonator’s physical sizes; and adding electrically-tunable components 
enhances reconfigurability but reduces linearity [1], [2], [3]. 
In filter design, two popular filter synthesis methods are the image parameter 
method, developed by Zobel, and the insertion loss method developed by Norton and 
Bennett [4]. The image parameter method of filter design is based on transmission line 
properties. A ladder network of several sections has a propagation constant equal to the 





parameter filter by cascading sections to yield a desired cutoff frequency and transmission 
zeroes. However, the range of transfer functions achievable with image parameter filters is 
restricted and they are challenging to integrate. In contrast with the image parameter 
method, the insertion loss method of filter design begins with a description of the desired 
filter’s response in terms of a transfer function, which is defined as the ratio of the output 
voltage to the input voltage. The filters are then synthesized through a systematic approach, 
which ideally enables the realization of arbitrary transfer functions. The filter design 
methods presented in this thesis are based on the insertion loss method. There are four 
classes of filtering transfer functions commonly implemented, Butterworth (maximally 
flat), Chebyshev (equal ripple in the pass-band), inverse Chebyshev (equal ripple in the 
stop-band) and elliptic (equal ripple in the pass-band and stop-band). A Chebyshev 
response has better frequency selectivity than a Butterworth response and therefore is more 
commonly used. It should be noted that the former designs are special cases of the latter.  
In 1957, Cohn described direct-coupled resonator filters with coupling between 
adjacent resonators [5]. Novel synthesis formulas were provided for the design of 
Butterworth and Chebyshev response filter design. Until the early 1970s, most filter 
synthesis techniques were based on the extraction of electrical elements with lumped 
elements and transmission line lengths from the polynomials. After satellite 
telecommunication systems were put in operation in the early 1970s, the demand for 
communication service grew enormously. In order to accommodate the increasing volumes 
of traffic, radio-frequency (RF) spectrum allocated to satellite communication systems 
shifted to higher-frequency bands [6]. New challenges such as higher close-to-band 





realized by introducing cross-couplings between nonadjacent resonators, which are named 
elliptic filters. In 1999, Cameron presented general techniques to synthesize the coupling 
matrix in a more analytical way. These techniques were performed in the normalized low-
pass domain, and different topologies were achieved with standard transformations [7], [8]. 
Although there have been significant improvements in microwave filter synthesis, 
many techniques are still under development, including tunable microwave filter design. 
Next generation wireless communication systems need to respond to dynamic spectrum 
allocation to increase the efficiency of usage of the frequency spectrum and to eliminate 
interference. Tunable filters are the best alternative to dozens of fixed filter designs in 
mobile and satellite communications. The performance of tunable filters is described by 
the same criteria as fixed filters, with additional parameters including reconfigurabiliy, 
tuning range, tuning speed, and tuning linearity. Recent works include filter structures with 
reconfigurable orders or poles [9], [10], tunable bandwidth [11], [12], and inter-coupling 
structures [13]. This thesis is focused on lumped-element filter synthesis for inter-resonator 




This thesis is presented in the following order: Chapter 2 provides an overview of 
the fundamental theories of microwave filter synthesis using the insertion loss method. 
Starting from rational polynomials, the synthesis of lowpass filter prototypes will be 
discussed in detail. Coupling matrix theory will also be described. Chapter 3 proposes a 





transmission zero beyond traditional coupling schemes. This chapter presents an analytical 
synthesis method for second-order filters utilizing the new coupling scheme. The synthesis 
of higher-order filters is also discussed. Chapter 4 demonstrates the application of the new 
coupling scheme in Field Programmable Filter Array (FPFA) designs. A fabricated tunable 
bandpass-bandstop filter cascade structure demonstrates reconfigurable filtering function 
including multi-channel operation, operator-defined bandpass shape, and deep interference 







2. FUNDAMENTALS OF RESONATOR FILTERS 
2.1 Filter Network 
Filters are one of important components in RF and microwave front-ends and serve 
the purpose of selecting or rejecting frequency bands. Though a wide range of resonator 
technologies exist, a common procedure can be followed to synthesize a filter from those 
technologies. Among the various filter design methods, the insertion loss method is 
preferred because it gives a higher degree of control over the filter’s passband, stopband, 
and overall transfer functions. This section describes the fundamental theories for filter 











Fig. 2.1 shows a lossless two-port network with resistor terminations. The maximum 
power 𝑃𝑚𝑎𝑥  available from the source is 𝑉0
2/4𝑍0 . If 𝑃𝐿  is defined as the output power, 





                                                   (2.1) 
where 𝑆 = 𝑗Ω is the normalized complex frequency and 𝑗2 = −1. 
Assuming the system is linear, lumped and time-invariant, we can rewrite the transfer 
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where 𝑆 = 𝜎 + 𝑗Ω  is a complex frequency variable and 𝑡(𝑆)  is also defined as the 
transmission coefficient. For a lossless passive network, the frequency 𝜎 = 0 and 𝑆 = 𝑗Ω. 
In a stable system, the roots of the denominators of 𝑡(𝑆) will be in the left half plane of the 
complex frequency domain. 
For a given transfer function (2.2), the insertion loss of the filter can be expressed 





 dB                                            (2.3) 
 
or in terms of transfer function as 
 






It is assumed that there is no insertion loss in the pass-band of the filter, therefore, the input-
to-output transfer function is unity in the pass-band 
 
 𝐻(𝑆) = 1                                                          (2.5) 
 
It is convenient to eliminate this constant term and, therefore, to define the characteristic 
function as 
 
𝐻(𝑆)𝐻(−𝑆) = 1 + 𝐾(𝑆)𝐾(−𝑆)                                          (2.6) 
 
Since 𝐻(𝑆) and 𝐾(𝑆) are rational functions with same denominators, the transfer 
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                                                      (2.9) 
 
Plugging in (2.7) and (2.8) into (2.6), it is obtained that 
 





Plugging in (2.6) into (2.4), the insertion loss can be expressed as 
 
𝐿𝐴(Ω) = 10 log(1 + |K(𝑗Ω)|
2) dB                                 (2.11) 
 
The zeroes of K(𝑗Ω) are reflection zeroes. 
 
2.1.2 Reflection and Transmission Coefficients 
The reflection coefficient 𝜌(𝑆)  is defined as the ratio of the reflection to the 
incident wave at a specified location in the system in transmission line theory. The 
transmission coefficient is defined as the total power of a transmitted wave relative to the 
















                                      (2.13) 
 
In a lossless system, the reflection and transmission coefficient satisfy the following 
relation 
 
|𝜌(𝑆)|2 + |𝑡(𝑆)|2 = 1                                        (2.14) 
  
and insertion loss and return loss are related by 
 
𝐿𝐴(Ω) = −10 log (1 − 10
−𝐿𝑅(Ω)






𝐿𝑅(Ω) = −10 log (1 − 10
−𝐿𝐴(Ω)
10 ) dB                           (2.16) 
 
where 𝐿𝐴(Ω) is the insertion los, and 𝐿𝑅(Ω) is the return loss.  
 
2.1.3 Characteristics of Polynomials 
The values of 𝑆 at which the numerator of the polynomial function 𝐻(𝑆) becomes 
zero are the transmission zeros, or attenuation poles; the values of 𝑆  for which the 
denominator of the polynomial function 𝐻(𝑆) becomes zero are the transmission poles, or 
reflection zeros. Therefore, the zeros of 𝑡(𝑆) are the roots of the numerator 𝑃(𝑆) and the 
poles of 𝑡(𝑆) are the roots of denominator 𝐸(𝑆). 
To have a stable filter system, transmission poles must lie in the left half of the 
phase-plane, or on the imaginary axis. Hence, 𝐸(𝑆) is a Hurwitz polynomial of degree 𝑁 
[3]. Based on filter design specifications, the roots of 𝐹(𝑆) lie on the imaginary axis of 
where the degree is 𝑁 , and the roots of 𝑃(𝑆) lie on the imaginary axis. With 𝐹(𝑆) and 
𝑃(𝑆), the polynomial 𝐸(𝑆) can be calculated by (2.10). 
 
2.1.4 Normalization of Polynomials 
The transfer function and the characteristic function are related according to (2.6) 
as 
 
|𝐻(𝑆)|2 = 1 + |𝐾(𝑆)|2                                            (2.17) 
 
To generalized the transfer function, a constant factor 𝜀 is introduced as a ripple 
factor and the relationship in (2.17) becomes 






In the filter synthesis procedure, the highest coefficients of polynomials F(S) and 
P(S) are normalized to unity. The ratio of extracted highest coefficients of these two 
polynomials is defined as ripple factor, or 𝜀 . Ripple factor describes the maximum 
attenuation of the filter response. 
















+ |𝐹(𝑆)|2                                 (2.20) 
 













                                                   (2.22) 
 
The filter response depends on the choices of 𝜀. For a Chebyshev filter response, 𝜀 
determines the magnitude of the ripple in the passband. For a Butterworth filter response, 
𝜀 determines the maximum permissible ripple. For example, if the filter is designed to have 
a maximum ripple of 𝐴1 dB, or return loss 𝑅1 dB, at the edge of the passband at its unity 






= 10−𝐴1/10                        (2.23) 










                                             (2.24) 
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2.2 Lowpass Filter Prototype 
Classic filter synthesis starts with a lowpass filter prototype in a normalized 
frequency domain. The ideal spectrum for a lowpass filter is shown in Figure 2.1. However, 
in reality, it is not possible to achieve such a vertical cutoff. In this section, an approach for 
obtaining a transfer function that approximates ideal response is described. Basic forms of 
the resulting characteristic functions and their responses are exhibited. 
 
 
Figure 2.1 Ideal frequency response of a lowpass filter. 
 
2.2.1 All-Pole Filters 
All-pole filters are the most fundamental type of filters. These filters have all of 












                                                   (2.26) 
 
where 𝑃(𝑆) = 1 . The frequency response of the filter is completely determined by the 
polynomial F(S), whose roots are the zeros of the reflection coefficient. The characteristic 
function (2.8) becomes  
 
𝐾(𝑆) = 𝐹(𝑆).                                                        (2.27) 
 
When all the roots of polynomial 𝐹(𝑆)  are located at the origin, this type of 
frequency response is characterized as a maximally-flat response, and it known as the 
Butterworth response. For an 𝑁 th-order Butterworth filter response, the characteristic 
function is given by 
 
𝐾(𝑆) = 𝑆𝑁                                                      (2.28) 
 





                                              (2.29) 
 
where 𝜀 = 1 for a Butterworth filter response where half of the power is transmitted at the 
cutoff frequency. The frequency responses of 2nd-, 3rd-, and 4th-order Butterworth filters are 








Figure 2.2 Butterworth responses for 2nd-, 3rd-, and 4th-order lowpass filter. 
When the roots of polynomial 𝐹(𝑆)  are positioned in such that the frequency 
response in the passband is equi-ripple, then this response is generally known as a 
Chebyshev response. Figure 2.3 shows the lowpass response of a 4th-order Chebyshev 
filter with 20 dB equi-ripple return loss. The poles in Figure 2.3 are located at 𝑆 =











2.3 Coupling Matrix 
In 1974, Williams and Atia introduced the coupling matrix concept and applied it to 
dual-mode, narrow-band, waveguide, bandpass filters [15] [16]. Modeling the circuit in 
matrix form is beneficial for using matrix operations properties. The coupling matrix 
provides a one-to-one correspondence between its elements and the physical resonators 
and coupling structures of the filter. This is a significant advancement because it allows for 
the direct modeling of both the resonators of a filter and all of their couplings, enabling 
faster synthesis of advanced filtering functions. Cameron later developed general 
techniques to synthesize and generate the coupling matrix in an efficient fashion. This was 
performed in the low-pass domain, where different topologies may be conveniently 
obtained using similarity transformations [7] and [8]. This section will describe the 
coupling matrix filter synthesis method. 
 
2.3.1 Circuit Model 
A coupling matrix can be extracted from the voltage-current relationship of the 
equivalent circuit model. Such an equivalent circuit can be represented as in Figure 2.4. 
The circuit is driven by an open-circuit voltage source 𝑒𝑠 with an internal resistance of 𝑅𝑠 








Figure 2.4 Equivalent circuit model of a multi-coupled network. 
Individual resonators are composed of 1 Henry (H) inductors and 1 Farad (F) 
capacitors, producing a normalized resonant frequency of 1 radian/second (rad/s). The 
current in each resonator is labeled as 𝑖𝑛 . Couplings between each two resonators are 
denoted as 𝑀𝑖,𝑗 , where 𝑖 and 𝑗 denote resonator numbers. The bandwidth of the filter is 
frequency independent and normalized to 1 rad/s. The voltage-current relationship in and 
between the ports and resonators of the network shown in Figure 2.4 can be expressed in 






































    (2.30) 
where 𝑠 = 𝑗(𝜔 −
1
𝜔
) is the bandpass transformation. 
 The voltage-current relationship in (2.30) can be written in simplified form as 
 
𝐄 = 𝐙𝐈 = (s𝐔 + 𝐑 + j𝐌)𝐈                                             (2.31) 
 
where 𝐔 is the identity matrix. 𝐑 represents source and load, and 𝐌 is the coupling matrix, 






































… 𝑀𝑛,𝑛−1 0 )
 
 
                       (2.33) 
 
Since all series resonators have the same resonant frequency, this synthesized filter is 
synchronously tuned. Also, all the resonators have the same quality factor, coupling 
structures, and characteristic impedance.  
 
2.3.2 Scattering Parameter 
The overall circuit including the source impedance 𝑅𝑠 and load impedance 𝑅𝐿 is 
represented by a matrix 𝐙 . This matrix includes an impedance matrix that represents a 
purely-reactive network between source and load. The equation (2.31) can be rewritten as 
 
𝐈 = 𝐙−𝟏𝐄                                                              (2.34) 
where 𝐙−𝟏 is the reverse matrix. The current in the first loop and the last loop is given by 
 
𝑖1 = 𝒁11
−1𝑒𝑠                                                           (2.35) 
 
𝑖𝑛 = 𝒁𝑛1
−1𝑒𝑠                                                           (2.36) 
 

















−1                          (2.37) 
  








                                      (2.38) 
 
where 𝒁11 is the impedance looking in at the input port. 𝒁11 is the ratio of 𝑉1 and 𝑖1 in the 
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                                                (2.40) 
 
Substituting (2.40) into (2.38), the reflection coefficient is obtained as 
𝑆11 = 1 − 2𝑅𝑠𝒁11
−1                                              (2.41) 
Filter synthesizing procedure starts with the characteristic function. Characteristic 
polynomials are derived from the characteristic function. The coupling coefficients are 
obtained with transmission and reflection coefficients from the coupling matrix. Both 
analytic or optimization methods are widely used. For optimization methods, a cost 







2.3.3 Finite Resonator Quality Factors in the Coupling Matrix 
The basic coupling matrix is defined with lossless resonators. In reality, resonators 
have finite quality factors (Q), which results in insertion loss, and less notch attenuation 
level. Some filter topologies include Q as a design parameter, such as absorptive bandstop 
filter [18]. And therefore it is useful to introduce a quality factor in the coupling matrix. It 
should be noted that bandwidth and Q have a combined effect on insertion loss. So new 
terms are added to the coupling matrix that depend on both Q and the fractional bandwidth. 





























                     (2.42) 
where Q is the quality factor, and ∆ is the fractional bandwidth of designed filter. 
 
2.3.4 Asynchronous Resonator Frequency Tuning 
The coupling matrix is defined based on the fact that series resonators have the 
same resonant frequency. However, recently it is demonstrated that bandpass-to-bandstop 
filter cascade topologies have the flexibility to control the passband and stopband 
independently compared to pseudo-elliptic filters [19]. To synthesize a filter cascade, it is 
necessary to add asynchronous tuning in coupling matrix.  
Here, asynchronous tuning is added as the self-coupling terms (𝑀𝑛,𝑛 ) in the 
coupling matrix. It should be noted that this self-coupling term is a real number used to 






















… 𝑀𝑛,𝑛−1 0 )
 
 
                  (2.43) 
 
The self-coupling terms can have both a real and imaginary part to model both finite Q and 








3. TUNBALE BANDPASS FILTER DESIGN USING RESONATORS 
AS COUPLING STRUCTURES 
3.1 Introduction 
Next generation multiband wireless communications require a more comprehensive and 
configurable system to achieve ultra-connectivity, seamless communication, and dynamic 
spectrum assignment. Tunable filters, with their many advantages, are the promising 
solution to reduce size and volume. An early tunable filter utilized tuning element, such as 
piezoelectric actuators, MEM tuners, and varactors, to adjust center frequency [20], [21]. 
Tunable filter with fixed bandwidth were developed later [22]. With improvements in the 
performance of such tuning elements, filters have recently become reconfigurable in ways 
beyond frequency tuning. One of reconfigurations is the inter-resonator coupling tuning. 
The ability to reconfigure the inter-resonator coupling allows filters to adjust order, tuning 
bandwidth, and to create transmission zeros. Even though resonant coupling structure has 
been implemented in various research [13], [23], [24], theories that explain the relation 
between transmission zero and bandwidth have not been discovered. The section will 
discuss the theory in detail, and provide direct-coupled filter synthesis techniques that 
support Butterworth and Chebyshev frequency responses, and with the capability of 








3.2 Coupling Theory 
Coupling theory suggests that a filter is a series of coupled resonators where the 
magnitude of coupling determines bandwidth. Couplings are divided into capacitive 
(positive) couplings and inductive (negative) couplings. Figure 3.1 illustrates capacitive 
and inductive coupling schemes of direct-coupled-resonator filters in series and shunt 
topologies, respectively. 
 
Figure 3.1 Capacitive and inductive coupling schemes of direct-coupled resonator filters 
in (a) shunt and (b) series topologies. 
In order to create a transmission zero from inter-resonator coupling, a new coupling 
scheme which employs a resonator is proposed. The resonator can be regarded as a mix of 
both capacitive and inductive coupling. Figure 3.2 shows the coupling scheme of a resonant 










Figure 3.2 A new coupling scheme using a coupling resonator in (a) shunt resonator and 
(b) series resonator topologies. 
To further understand the effect of resonant coupling on bandwidth, even- and odd-mode 
analysis has been performed on the second-order of both shunt and series topologies.  
 
3.2.1 Shunt Topology 
A second-order shunt resonator topology is symmetric, thus even- and odd-mode 
analysis can be applied by cutting the circuit in the middle. The even- and odd- modes of 








Figure 3.3 The even- and odd-mode analysis of a second-order shunt resonator topology. 
The even and odd mode admittance are derived as 
 
𝑌𝑒 = 𝑠𝐶𝑟 +
1
𝑠𝐿𝑟
                                                      (3.1) 
𝑌𝑜 = 𝑠𝐶𝑜𝑑𝑑 +
1
𝑠𝐿𝑜𝑑𝑑
                                                (3.2) 
 





∥ 𝐿𝑟                                                      (3.3) 
𝐶𝑜𝑑𝑑 = 2𝐶𝑐 + 𝐶𝑟                                                    (3.4) 
 
















It shows that even-mode frequency is fixed at the center frequency, while odd mode is 
tuned to adjust bandwidth. Therefore, odd-mode determines the property of the coupling. 
Since even mode and odd mode are not symmetric, this topology is an asynchronously 








2                                              (3.7) 
 
3.2.2 Series Topology 
The same analysis can be applied to a second-order series topology. The even- and odd- 
modes of the circuit model are illustrated in Figure 3.4. 
 
Figure 3.4 The even- and odd-mode analysis of a second-order series resonator topology. 
The even and odd mode impedance are derived as 
 
𝑍𝑒 = 𝑠𝐿𝑒𝑣𝑒𝑛 +
1
𝑠𝐶𝑒𝑣𝑒𝑛








𝑍𝑜 = 𝑠𝐿𝑟 +
1
𝑠𝐶𝑟
                                                        (3.9) 
where 𝑠 is complex frequency and  
 
𝐿𝑒𝑣𝑒𝑛 = 𝐿𝑟 +
𝐿𝑐
2
                                                     (3.10) 
 
𝐶𝑒𝑣𝑒𝑛 = 𝐶𝑟 ∥ 2𝐶𝑐                                                     (3.11) 
 










                                              (3.13) 
 
It shows that the odd-mode frequency is fixed at the resonant center frequency, while the 
even mode is tuned to adjust bandwidth. Therefore, the even-mode determines the property 
of the coupling. Since even and odd mode are not symmetric, this topology is also an 








2                                              (3.14) 
 
3.3 Filter Design and Simulations 
In this section, two methods suitable for the direct synthesis of lumped-element 
coupled-resonator filters with resonant couplings are described. Both of these two methods 







peaks method, and the mixed-coupling method. The resonant-peaks method locates the 
resonant peaks of a transformed prototype, and matches them with the resonant peaks of 
an equivalent resonator-coupling topology to solve for the lumped-element values. On the 
other hand, the mixed-coupling method transforms the coupling coefficients into a 
combination of capacitive and inductive coupling to achieve the same coupling effect.  
The coupling matrix for the two-pole Butterworth response is given by 
 
𝐌𝑩𝒖𝒕𝒕𝒆𝒓𝒘𝒐𝒓𝒕𝒉 = (
     0    0.8409
0.8409      0    
     0         0    
0.7071      0    
     0    0.7071
     0         0    
     0    0.8409
0.8409      0    
)               (3.15) 
To derive the coupling matrices for Chebyshev responses with 10 dB, 20 dB and 40 
dB return loss, we start from the transfer function. The coupling matrices for two-pole 
Butterworth response and Chebyshev response of 0.01 dB, 0.0436 dB (20 dB return loss), 
and 1 dB ripples are given by 
 
𝐌𝑩𝒖𝒕𝒕𝒆𝒓𝒘𝒐𝒓𝒕𝒉 = (
     0    0.8409
0.8409      0    
     0         0    
0.7071      0    
     0    0.7071
     0         0    
     0    0.8409
0.8409      0    





0      0    
2.33778 0
0 2.33778
     0    0
0 1.4927
1.4927 0





0      0    
1.6583 0
0 1.6583
     0    0
0 1.2248
1.2248 0





0      0    
0.8951 0
0 0.8951
     0    0
0 0.7408
0.7408 0







From equations (2.37) and (2.41), the S-parameters are calculated, and plotted in Figure 
3.5.  
 
Figure 3.5 The S-parameters of coupling matrices of (3.16) to (3.19). 
 
3.3.1 Second-Order Synthesis of a Shunt Topology 
 
 
Figure 3.6 A second-order shunt resonator topology. 
Assume a topology in Figure 3.6 with two shunt resonators and one parallel 























(1 −𝑀12∆)                                (3.21) 
where 𝜔0 is the center frequency of designed bandpass filter, ∆ is the fractional bandwidth, 
and 𝜔𝑛𝑜𝑡𝑐ℎ is the frequency of the notch generated by resonant coupling. With given value 
of center frequency, fractional bandwidth, notch frequency, and inductance of resonator, 
these equations solve the remaining three unknowns, which are the capacitance of 
resonator, and the capacitance and inductance of the coupling resonator.  




2 ) = −𝑀12∆( 𝐶𝑟 − 𝐶𝑐) 𝜔0




= 𝜔𝑛𝑜𝑡𝑐ℎ                                                      (3.23) 
 










2 − 1) +𝑀12
2 𝜔𝑛𝑜𝑡𝑐ℎ
2 ∆2
                (3.24) 
 
where 𝜔0 is the center frequency of designed bandpass filter, ∆ is the fractional bandwidth, 
and 𝜔𝑛𝑜𝑡𝑐ℎ is the frequency of the notch generated by resonant coupling. With a given 
value of center frequency, fractional bandwidth, notch frequency, and inductance of 
resonator, these equations solve the three remaining unknowns, which are the capacitance 
of resonator, and the capacitance and inductance of the coupling resonator. 








3.3.2 Illustration Examples 
Several designs examples are demonstrated in this section. The first designed filter 
has a center frequency at 200 MHz and 10% fractional bandwidth with a transmission zero 
at 300 MHz. Following the resonant-peaks method described in the previous section, 
realizations of Buterworth and Chebyshev responses and comparisons with conventional 
direct-coupled filters are shown in Figure 3.7. The design parameters are summarized in 
Table 3.1. 
 
Figure 3.7 Resonant-peaks method Synthesis of (a) Butterworth response, and Chebyshev 











Table 3.1 Summary of Lumped-element Components 
Item Butterworth 0.01 dB 0.0436 dB 1 dB 
Lr (nH) 63 63 63 63 
Cr (pF) 10.76 12.4 11.72 10.95 
Cc (pF) 0.65 3.25 1.9 0.86 
Lc (nH) 431.97 86.71 148.06 328.02 
 
Following the mixed-coupling method described in the last section, realizations of 
Buterworth and Chebyshev responses and comparisons with conventional direct-coupled 
filters are shown in Figure 3.8. The design parameters are summarized in Table 3.2. 
 
Figure 3.8 Mixed-coupling method Synthesis of (a) Butterworth response, and 









Table 3.2 Summary of Lumped-element Components 
Item Butterworth 0.01 dB 0.0436 dB 1 dB 
Lr (nH) 71.44 91.53 83.6 73.81 
Cr (pF) 9.48 8.17 8.72 9.33 
Cc (pF) 0.57 1.88 1.33 0.72 
Lc (nH) 494.97 149.71 211.06 391.02 
 
As we can see, both of the methods can realize Butterworth and Chebyshev 
responses. However, due to inductive couplings components, it is hard to fix the resonator 
inductance in mix-coupling method synthesis. The Resonant-peaks method gives a fixed 
resonator inductance, which makes it a good candidate to be implemented as a tunable filter. 
 
3.3.3 Higher-Order Synthesis 
The developed mix-coupling and resonant-peaks methods can be applied to higher-
order filter synthesis as well. In the resonant-peaks method, the key step is to match the 
resonant peaks. The resonant peaks are located at frequencies where the admittance 
becomes null. To find out the resonant peaks, the ABCD matrix of a conventional filter is 














= 0                                (3.24) 
 
where A, B, C, and D are coefficients of the ABCD matrix. The calculated resonant peak 








In higher-order filter synthesis, it may be harder for computers to solve equations with 
increasing complexity. Therefore, a mix-coupling method may be better since it only 
involves nearby resonators. In the mix-coupling method, both capacitive and inductive 
couplings are implemented to fulfil each coupling between resonators. The equations can 
be solved separately and therefore it will not increase the requirement for computing power 
in higher orders. 
 
3.3.4 Measurement Results 
 
Figure 3.9 A second-order realization of the shunt resonator topology with capacitive 
tuning. 
A second-order tunable filter is designed for demonstration with the topology 
shown in Figure 3.9. The filter is fabricated on a 1.575 mm-thick Duroid substrate (εr = 
2.2, Rogers RT/Duroid 5880) with 35 μm copper cladding on both sides. Commercially-
available lumped-element components are used to implement the filter, including inductors 
from CoilCraft, and varactors from Microsemi and Skyworks. Such varactors are chosen 
for their high Q-factors. A back-to-back varactor topology is used in this design to 
maximize linearity and increase the tuning range. Table 3.3 summarizes the lump-element 
components used in this design. 
Table 3.3 Summary of Lumped-element Components 







Lr (nH) Coilcraft 1515SQ-68N 
Lc (nH) Coilcraft 132-16SM 
Cc (pF) Microsemi MV21002 
Cr (pF) Microsemi MV31024 
Cext (pF) Microsemi MV31024 
The measurements shown here focus on demonstrating tuning with respect to center 
frequency, and bandwidth with low insertion loss. Figure 3.10 shows a tunable center 
frequency demonstration from 100 to 205 MHz. Figure 3.11 shows a tunable-bandwidth 
demonstration from 15 to 35 MHz with the insertion loss of less than 1.7 dB. 
 
Figure 3.10 Measurements from the fabricated filter with tunable center frequency from 













In this chapter, a novel coupling scheme was introduced. Resonators were used for 
inter-resonator couplings. Two synthesis methods were developed to realize Butterworth 
and Chebyshev responses. Both of these methods give accurate bandpass responses, while 
















4. APPLICATIONS OF RESONANT COUPLED FILTERS IN FPFA 
4.1 Introduction 
Future wireless communication systems need to accommodate dynamic spectrum 
allocation and reject strong interferers. Therefore, reconfigurable RF front-end filters for 
such systems are required to have adjustable dynamic band-pass filter shape and high 
isolation notches for interference mitigation. While conventional methods employ cross-
couplings designs to create transmission zeros for interferer cancelation [25], [26], [27], 
recently a proposed alternative named bandpass-to-bandstop filter cascades managed to 
simplify filter design, reduce implementation complexity, and improve tuning efficacy [28], 
[29], [19]. With the concept of inter-resonator coupling and absorptive notch filter [18] 
incorporated into a bandpass-to-bandstop filter, it is possible to implement a Field 
Programmable Filter Array (FPFA) design. As shown in Figure 4.1, FPFA is composed of 
a matrix of resonators and multiple ports [30]. Two unique features of FPFA are arbitrary 
filtering function and multi-channel operation. Signals may be routed through arbitrary 
designed paths of the FPFA structure to adjust filtering type, order, shape, bandwidth, 
center frequency, and group delay. And multiple operational channels may be created and 
reconfigured simultaneously. This section will discuss the design and realization of FPFA 








Figure 4.1 Block diagram of the Field Programmable Filter Arrays (FPFAs) that is 
composed of multiple ports and resonators. 
  
4.2 Design Theory 
The proposed filter structure is designed and fabricated on a printed circuit board. As 
shown in Figure 4.2 and 4.3, the filter includes a bandpass and a bandstop section. The 
bandpass section includes four resonators with controllable resonant couplings that enable 
adjustable signal routing to achieve reconfigurable filter order from second to fourth. The 
bandstop section includes three independently-controlled, second-order absorptive 
bandstop filters cascaded in series. This combination allows for deep isolation levels, wide 








Figure 4.2 Coupling diagram of the bandpass-bandstop filter cascade. 
 
 
Figure 4.3 Circuit diagram of the bandpass-bandstop filter cascade. 
A shunt topology is used to implement the bandpass filter section. From the 
previous chapter, it is demonstrated that a resonant coupling generates a transmission 
zero, which can help cancel interference. In order to have the fixed inductor values to 
avoid using tunable inductor components, the ability to allocate transmission zero 
independently is sacrificed. To turn off the channel, the transmission zero will be placed 
at the center frequency. In this case, resonant coupling results in zero coupling, and acts 









Figure 4.4 A fourth-order realization of a shunt resonator topology with capacitive 
tuning. 
 
Absorptive bandstop filters have been demonstrated to have improved attenuation 
levels compared to conventional reflective bandstop filters. An absorptive filter’s 
response is independent of its resonators’ quality factors. The design equations for a 
lumped-element realization shown in Figure 4.5 are given by [18] 
 
𝐶1 = 𝐶2 =
2
𝑍0𝑄𝑢𝜔0
                                                       (4.1) 
 
𝐿1 = 𝐿2 = 𝑍0
𝑄𝑢 − 1
2𝜔0
















                                                              (4.5) 
 
where 𝑄𝑢  is the unloaded resonator Q-factor, and α is a correction factor which is 









Figure 4.5 Circuit diagram of an absorptive bandstop filter. 
4.3 Fabrication and Measurement 
Table 4.1 Summary of Lumped-element Components 
Item Filter Manufacturer Part number 
Cp1, Cp2, Cp3, Cp4 
BPF 
Microsemi MV31024 

















































The filter cascade is fabricated on a 1.575 mm-thick Duroid substrate (ε𝑟 = 2.2, 
Rogers RT/Duroid 5880) with 35 μm copper cladding on both sides. As shown in Figure 6, 
commercially available lumped-element components are used to implement the filter 
cascade, including inductors from CoilCraft, and varactors from Microsemi and Skyworks. 
Such varactors are chosen for their high Q-factors. Center frequencies of three absorptive 
band-stop filters are set to 165, 220, and 295 MHz. Table 4.1 summarizes lump-element 
components used in this design from Figure 4.3 and 4.4. 
The measurements shown here focus on demonstrating tuning with respect to center 
frequency, bandwidth, and reconfigurable order with low insertion loss. Properly routing 




Figure 4.6 Frequency responses of reconfigurable order from second- to fourth- order at 
three different center frequencies. 
Figure. 4.7 shows tunable-bandwidth responses of a fourth-order bandpass filter. At 







to 34 MHz while at the highest tunable center frequency of 239.05 MHz, the bandwidth is 
controllable from 20 MHz to 42 MHz. 
 
 
Figure 4.7 Frequency responses showing tunable bandwidth of 20 MHz to 42 MHz at 
three different center frequencies of 119.04 MHz, 185.80 MHz, and 237.22 MHz. 
The measurements also demonstrate two-channel operation with second-order 
filters formed through port 1-4 and port 3-5. Figure 4.8 shows a tunable center frequency 
demonstration from 100 to 205 MHz on one channel while the other remains stationary. To 
be noted, cross-interference between two channels have been measured at -35 dB. This 
reflects the non-ideality of the coupling resonator as a switch in its off state. Figure 4.9 
shows a tunable-bandwidth demonstration from 15 to 35 MHz with insertion loss of less 









Figure 4.8 Measurements of two-channel-operation of tunable center frequency from 100 
to 205 MHz. 
 
Figure 4.9 Measurements of two-channel-operation tunable bandwidth from 15 to 35 
MHz. 
Bandstop response can be integrated with a second-order bandpass response to form 
bandpass-to-bandstop cascade in one channel. Three isolation notches are generated from 
the three bandstop filters that can be independently tuned to form deep isolation levels, 
wide-band isolation, and/or multiple isolation regions. Figure 4.10 shows an example 
measured demonstration with one notch tuned at 155 MHz (isolation = -36.6dB) and two 
notches tuned at 255 MHz (isolation = -73dB). Figure 4.11 shows a stop-band level of -30 








Figure 4.10 Measurements of two-channel-operation with allocation of one isolation 
notch on the left side of the pass-band and two isolation notches set together on the right 
side of pass-band. 
 
 
Figure 4.11 Measurements of two-channel-operation with allocation of three isolation 
levels in order to form band-stop response with 15 MHz bandwidth. 
An example fourth-order filter response with deep isolation close to the pass-band 
is shown in Figure 4.12. It is demonstrated that -70dB (-60dB at 255 MHz) isolation is 
placed as close as 5% away from the pass-band-edge. This filter shape can be obtained 








Figure 4.12 Measured fourth-order bandpass filter responses with 70 dB isolation at 5% 
of pass-band edge with bandwidths of 20.4, 8.8, 14.9, and 21.5%. 
  
4.4 Measurement Techniques 
Implementation of the proposed filter cascade uses commercially-available 
varactors. Microsemi varactors are chosen for their large tuning range, low insertion loss, 
and high Q-factor. Since a back-to-back varactor topology is implemented, each resonator 
requires an independent voltage bias. The fabricated filter cascade has a total number of 16 
tunable components, including ten in the bandpass section and six in the bandstop section. 
The bandstop section employs a Q-independent topology, which requires high tuning 
accuracy to generate deep notches. Therefore Keithley 2400 series, which can provide 
programing resolution of 500 μV with 0.02% source accuracy, are used. To match the 
resonant peaks of a bandstop filter and to cancel the non-ideality effect, such resolution is 
required in order to generate -70 dB notch filter response. On the other hand, bandpass 
filter needs only a tuning resolution of 10 mV. An Agilent N5230C network analyzer is 
used to perform two-port and four-port measurements. Figure 4.13 shows the measurement 








Figure 4.13 Measurement setup for tunable filter cascade. 
In order to integrate the measurement instruments, and to prepare for increasing 
numbers of power supplies in the future, a NI CompactDAQ with +/-10 V analog outputs 
was used to replace voltage sources. The voltage outputs are connected to a 10x voltage 
amplifier board to generate an appropriate DC voltage range. Figure 4.14 shows a 
demonstration of an implementation of the NI CompactDAQ, which is controlled by 









Figure 4.14 NI CompactDAQ with 10x voltage amplifier board. 
Linearity measurement is performed on the designed filter structure using the two-
tone test. In order to acquire accurate results, amplifiers and DC blocks are inserted to 
provide adequate isolation between the two input signal generators. Agilent E4433B signal 
generator is chosen to provide a single tone. Figure 4.15 shows the block diagram of the 
linearity measurement setup. 
 
 








In this chapter, a bandpass-to-banstop filter cascade has been demonstrated. A 
resonant coupling scheme has been applied in the bandpass section. The resonant coupling 
can act as intrinsic switch to achieve signal routing. Absorptive bandstop topology is used 
in the bandstop section. This Q-independent design is capable of creating a deep notch (70 
dB). The proposed bandpass-to-bandstop filter cascade makes it possible to realize a Field 
























5. DISCUSSIONS AND FUTURE WORK 
The objective of this dissertation is to investigate novel synthesis techniques for 
reconfigurable microwave filters. With the conventional design approach, the number of 
microwave filters equals to the allocated frequency channels. As the demand of 
communication service continues to grow, future communication systems need to respond 
to dynamic spectrum assignment, which will require implementation tunable filters. In this 
dissertation, a novel coupling scheme for tunable filters was investigated and demonstrated. 
The proposed resonant coupling structure provides additional transmission zeros that can 
be independently controlled. Compared to introducing a cross-coupling in the coupling 
matrix to generate transmission zero and synthesizing the whole procedure, it is much more 
convenient to manipulate the resonant coupling structure at the lowpass prototype level. 
The synthesizing of the resonant coupling scheme for lumped-element realizations has 
been developed and demonstrated. This section will discuss future opportunities and 
current limitations. 
 
5.1 Alternative Filter Technologies 
In this dissertation, the theory of resonant coupling has been explained thoroughly 
using lumped-element circuit model, and a direct synthesis method for lumped-element 







100 to 255 MHz using commercially-available varactors and inductors. In general, it is 
hard to design lumped-element tunable filters at frequencies above 500 MHz since the 
parasitic capacitance and the capacitance in the resonators will be at the same magnitude 
or the inductor will be too small (<10 nH). Also, lumped-element resonators are limited by 
Q-factor. The unloaded Q-factor of the fabricated filter is approximately 130, with a Q-
factors of 1500 for Microsemi varactors and 150 for the best commercial available 
inductors.  
The idea of implementing resonant coupling in filter structure has been used in 
lumped-element designs, as well as several other filter technologies. In [23], resonant 
couplings composed of transmission lines and varactors were implemented in tunable 
cavity resonator filters that operate at GHz range, in which cavity resonators with Q-factor 
of thousands are controlled by piezoelectric actuators. In [13], waveguide irises are used 
as inter-resonator coupling between cavity resonators, which greatly improves the Q-factor 
of the coupling elements and therefore the insertion loss. The design techniques for 
lumped-element filters developed in this dissertation can be applied to cavity resonator 
filters with irises. 
 
5.2 Linearity Improvements 
Tunable microwave filters are considered to be a promising solution for increasing 
number of fixed filters in communication systems. Efforts have been made to develop 
filters with reconfigurable orders, tunable bandwidth, and independently controlled 
transmission zeros. As tunable filters become more complex in structure and functionalities, 







increasingly urgent. In this section, several methods are discussed to improve linearity both 
from tuning varactor level and filter architecture level. 
At the varactor level, in [31], Meyer mathematically proves that varactors with 
exponents close to 0.5 eliminate second- and third-order distortions in a back-to-back 
varactor topology, which improves the linearity of the varactors. In general, varactors with 
a higher voltage tuning range, and smaller tuning range demonstrate higher linearity. In 
[32], Huang proved a 57 dBm linearity for a varactor stack of tuning voltage of 20 V, 
capacitance tuning range of 6:1, and Q-factor of 50 and later he developed a multistacked 
junction varactor of 67 dBm linearity [33]. Commercially-available varactors usually have 
a linearity of around 50 dBm.  
At the filter design level, in [34], Zeng discovered that the RF swing in a resonator 
is negatively related to the linearity of the designed filter, and therefore by reducing the RF 
swing through selecting smaller value of inductors the linearity can be improved. At the 
same time, Allen investigated the linearity of a varactor versus bias voltage, and proposed 
the idea to utilize the highly linear part of a varactor [35], which was applied later to 
demonstrate a tunable bandpass filter with tuning range of 1.54:1 and linearity above 
40dBm [36].  
 
5.3 Feedback and Control 
As tunable filters become more complex in structure and functionalities, the number of 
tuning elements results in difficulty in post-fabrication tuning, which was usually 







filter design iteration process employed this technique later in 1995 [38] [39]. The 
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